Growth of single-walled carbon nanotubes (SWNTs) was carried out on SiO 2 /Si substrates with Pt catalysts at 400, 450, and 700
Introduction
Single-walled carbon nanotubes (SWNTs) have attracted great interest for nanometer-scale devices, such as field effect transistor (FET) [1, 2] and LSI interconnects [3, 4] . Among a lot of methods for SWNTs growth, catalytic chemical vapor deposition (CVD) has several advantages such as high yield production, low growth temperature, and good controllability of SWNT position and diameter. As a result, CVD is widely used for the SWNT growth at present [5] . To realize SWNT-based devices compatible with LSI manufacturing processes, SWNT growth by CVD under low pressure is significant since the SWNT growth under a high vacuum prevents surface contamination during the fabrication process. In addition, SWNT growth in a high vacuum is useful for in situ observations during the growth, such as scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
Thus far, SWNT growth using CVD under low pressure has been performed by several groups. For the purpose of in situ observations, Homma et al. carried out carbon nanotube (CNT) growth by low-pressure alcohol CVD at 1-20 Pa [6, 7] . Shiokawa et al. succeeded in growing SWNTs by a cold-wall CVD using ethanol at 0.05 Pa in an ultrahigh vacuum (UHV) chamber [8] . Our group also achieved SWNT growth at an ambient ethanol pressure of 1 × 10 −4 Pa with a Co catalyst, adopting a gas source method in a UHV chamber, a type of cold-wall CVD. However, the SWNT yield decreased considerably, because the growth temperature had to be reduced to 400
• C to obtain SWNTs under low ethanol pressure [9] [10] [11] .
Recently, we grew SWNTs using Pt catalysts and showed that SWNTs could be grown even at ambient ethanol pressure of 1 × 10 −4 Pa, while keeping the yield compatible with Co catalysts at 1 × 10 −1 Pa [12, 13] . However, it is desirable to reduce the growth temperature to 400
• C for application to fabrication of SWNT devices compatible with present CMOS, since low dielectric constant intermetal dielectrics in the device structures are mechanically deteriorated above 400
• C. In this study, we carried out SWNT growth on SiO 2 /Si substrates using Pt catalyst under various temperatures. By optimizing the ethanol pressure, SWNTs could be grown even at 400
• C. We also investigated the structural properties of grown SWNTs by SEM and Raman measurements. 
Experimental Procedure
SiO 2 /Si substrates were used for the SWNT growth. After deposition of a Pt catalyst by a pulsed arc plasma gun in a UHV chamber, the substrate was introduced to a UHV chamber equipped with an ethanol introduction system and a substrate holder with a heater. The chamber was evacuated to a base pressure less than 1 × 10 −6 Pa with a turbomolecular pump. This system was a cold-wall type CVD, where the substrate was locally heated by the heater. Then, we increased the substrate temperature to the growth temperature under H 2 gas flow at a pressure of 1 × 10 −3 Pa to prevent oxidation of the catalyst. The substrate temperature was monitored by a pyrometer and the Pt thickness was monitored with a quartz crystal oscillator. In this experiment, the nominal thickness of Pt was set to 0.2 nm, which was the optimal thickness to obtain the highest SWNT yield. A TEM image for the SiO 2 /Si after the deposition of Pt (0.2 nm) is shown in Figure 1 . Pt particles whose average diameter was about 1 nm were observed, indicating that Pt catalyst formed particle shapes before the SWNT growth. SWNTs were then grown with the alcohol gas source method in the UHV chamber. Ethanol gas was supplied to the substrate surface for 1 hour through a stainless steel nozzle. The resulting SWNTs were characterized by SEM and Raman spectroscopy. The wavelength and spot size of the excitation laser for Raman measurements were 785 nm and about 20 μm. Figure 2 shows the Raman spectra for the SWNTs grown under various ethanol pressures for each growth temperature. The spectra were measured with an excitation wavelength of 785 nm and calibrated relative to the phonon peaks of Si at 520 cm −1 in each figure. For each temperature, high energy regions and RBM regions are separately shown. At 700
Results and Discussion
• C, G band peaks were observed at around 1590 cm −1 , which were accompanied with D band at around 1300 cm −1 . In the RBM region, several peaks were observed, indicating that most of the grown CNTs were SWNTs. As shown in Figure 2(b) , the G band intensity reached its maximum under an ethanol pressure of 1 × 10 −3 Pa, which indicates that the optimal pressure was considerably lower than that in the SWNT growth with Co catalyst, as reported in our previous papers [9] .
At 450
• C, the relative intensity of the D band became strong, irrespective of the ethanol pressure (Figure 2(d) ). This indicates that the crystal quality of CNTs was deteriorated by the reduction of growth temperature. In spite of the deterioration, two peaks were still observed at around 352 and 373 cm −1 in the RBM region (Figure 2(c) ), in addition to the Si phonon peak at around 302 cm −1 . When the growth temperature decreased to 400
• C, the G band intensity became fairly small and the intensity of the D band became larger than that of the G band, as shown in Figure 2(f) . In the RBM region, only two weak peaks still appeared at around 352 and 373 cm −1 under an ethanol pressure of 1 × 10 −3 Pa, although their intensities were fairly weak. These results indicate that the SWNTs grew from Pt catalysts even below 450
• C, although the yield was reduced. Figure 3 shows SEM images of the samples grown at 700 and 450
• C under the optimal growth pressure (700
When the growth temperature was 700
• C, web-like SWNTs were formed all over the substrate surface. The length of most of grown SWNTs was several hundred nanometers. On the other hand, at 450
• C, the density of SWNTs was drastically reduced. Figure 4 shows the relative intensity of the G band in the Raman spectra against the growth temperature for the SWNTs grown under the optimal ethanol pressures. The G band intensities were normalized by the phonon peaks of Si at 520 cm −1 . As the temperature decreased, the G band intensity decreased monotonically. When the growth temperature was 700
• C, the G/Si ratio was 1.8, but it decreased to 0.12 at 400
• C. In the growth with Co catalyst, the optimal pressure at 400
• C was 1 × 10 −4 Pa, and the G/Si ratio and the G/D ratio of the SWNTs grown at 400
• C were 0.13 and 12, respectively. The results suggest that for the SWNT growth at low temperature, Co catalyst seems to be more suitable.
To compare the diameter distribution of the SWNTs grown with Pt and Co catalysts, Raman measurements were carried out by an excitation wavelength of 785 nm, and the diameter distributions for the SWNTs grown with Pt catalyst at 400 and 700
• C, and that with Co catalyst at 400 • C were shown in Figure 5 . The diameters were estimated from the Raman shifts of the RBM peaks in the Raman spectra using the relation d (nm) = 248/ω (cm −1 ), where d is the diameter of the SWNTs and ω is the Raman shift in the RBM peak [14] . The percentage of SWNTs of a particular diameter was estimated from the RBM peak intensity, considering that the sum of all peak intensities should be one in each Raman spectrum. The average diameter of SWNTs grown by Pt catalysts was about 1.0 nm, when the growth temperature was 700
• C, while it decreased to about 0.7 nm at 400 • C. We also carried out Raman measurements for the samples grown with Pt at 400
• C using other excitation wavelengths (532 and 633 nm), but no distinct RBM peaks were observed. Taking into account a so-called Kataura plot, this indicates that the amount of SWNTs of diameters between 0.7 and 1.0 nm was negligible, which confirms the reduction of SWNT diameters by the decrease of the growth temperature. Our TEM observation showed that average diameter of Pt catalyst particles increased after the SWNT growth, compared to that before the growth. This indicates that the catalyst size increased with the growth temperature. Therefore, we consider that the main reason for the diameter reduction should be due to the decrease of catalyst particle sizes. It should be noted that the average diameter at 400
• C was much smaller than that for SWNTs grown with Co catalyst at 400
• C. In addition, the diameter distribution of SWNTs grown with Pt catalyst at 400
• C was fairly narrow. These results indicate that Pt catalyst is suitable for SWNTs with the small diameter and the narrow diameter distribution. Considering the relationship between the SWNT diameter and the optical band gap shown in the Kataura plot, the chiral indexes of SWNTs grown from Pt were tentatively assigned to (6, 4) , (7, 2) , and (7, 3) , and those from Co were mainly to (9, 4), (10, 2), and (11, 0). It has been reported that ethanol molecules adsorbed on metal surfaces were decomposed through several kinds of reaction pathways at high temperature (>200
• C) and that only a few portions of them were retained as surface carbon [15, 16] . At the growth temperature of SWNTs, those residual carbon atoms should be crystallized to hexagonal carbon network, forming carbon nanocaps on the catalyst particle surface. Previously, we discussed that the remarkable reduction of optimal ethanol pressure for Pt catalyst was due to the SWNT growth by a diffusion process of carbon atoms on the catalyst surface without dissolution into Pt [12] . We consider that the small bulk solubility of carbon atoms into Pt leads to the lower ethanol pressure necessary for the Journal of Nanotechnology 5 SWNT growth. In contrast, some portions of carbon atoms on the Co catalyst particles should diffuse into the internal parts of particles, which should increase the optimal ethanol pressures. At low temperature (below 450
• C), the SWNT yield from Pt catalyst was drastically reduced, which might be due to the reduction of dissociation of ethanol molecules on the Pt surface. Although the yield of SWNTs grown from Pt at low temperature is not sufficient at present, their diameters were fairly small and the diameter distribution was narrower, compared to those from Co catalyst. These characteristics would lead to advantages in application for fabrication of SWNT devices.
Summary
We carried out SWNT growth with Pt catalyst at various temperatures between 400 and 700
• C, and the grown SWNTs were characterized by SEM and Raman spectroscopy. Irrespective of the growth temperatures, the optimal growth pressures to obtain the highest yield were considerably smaller than those grown with Co catalysts. In addition, SWNT growth was accomplished by using Pt catalyst even at 400
• C.
